Multilayer plasmonic optical metasurfaces are demonstrated and analyzed that provide highly wavelength-selective reflectance that is robust to variation in angle of incidence and highly tolerant of misalignment of features between vertically stacked layers. Structures containing two layers of Ag nanostructure arrays separated by a dielectric layer are shown to provide reflectance >75% and transmittance <1% over a bandwidth of ∼100 nm, with minimal variation for angles of incidence varying from 0°to 30°. These characteristics are shown to be robust to variations in vertical alignment between layers comparable to the array period. An analysis of these characteristics in terms of plasmonic behavior of individual Ag nanostructures, interference effects between multiple layers of nanostructure arrays, and phase shifts produced at each array layer is presented.
INTRODUCTION
Plasmonic resonances in metal nanostructures have been widely exploited for a broad range of applications, including chiral metamaterials [1] , nanoantennas [2] , surface-enhanced Raman spectroscopy [3] , biosensing [4] , absorbers [5] [6] [7] , and metamagnetism [8] . While such behavior can often be observed in structures fabricated in primarily planar geometries, there has been increasing interest in three-dimensional plasmonic nanostructures for applications including threedimensional optical metamaterials with negative refractive index [9] and sensing or spectroscopy of biological molecules [10, 11] . In addition, the role of phase in understanding and controlling light propagation via scattering from plasmonic nanostructures is of increasing interest [12, 13] . Many such concepts rely upon the high sensitivity of plasmonic resonances in metal nanostructures to variations in size, spacing, and local dielectric environment. From a manufacturing perspective, however, it would be highly desirable to be able to engineer properties based on plasmonic resonances that are robust to variations in the precise dimensions of the constituent nanostructures.
In this paper, we report the design, experimental demonstration, and analysis of structures consisting of multiple layers of two-dimensional plasmonic arrays, with each individual layer constituting a subwavelength-scale metasurface [14, 15] . These structures are shown to provide high reflectivity and low transmittance at optical wavelengths across a bandwidth of ∼100 nm that remains fixed under variations in angle of incidence from 0°to 30°. In this respect, these structures provide new functionality compared to analogous, more conventional optical components such as dichroic mirrors, which provide high reflectivity over a specific range of wavelengths but are highly sensitive to variations in angle of incidence [16] . Designs are demonstrated that provide either polarization-independent or polarization-sensitive optical behavior, as well as robustness to large variations in vertical alignment between metasurface layers. These behaviors are shown to be a consequence of plasmonic resonances in metal nanostructures that constitute the individual metasurface layers, interference effects between metasurface layers, scattering phase shifts at each metasurface, and the interplay among these phenomena. Figure 1 shows schematic diagrams and scanning electron micrographs of the multilayer metasurface structures employed in these studies, along with the measurement geometries for transverse electric (TE) and transverse magnetic (TM) polarizations. All structures were fabricated on 0.5 mm thick glass substrates (CoreSix) polished to yield a surface roughness of 0.5 nm. Each metasurface layer consists of Ag nanostructure arrays created via electron beam lithography followed by deposition of 2 nm Ge∕30 nm Ag using e-beam evaporation and, finally, a standard liftoff process. The individual Ag elements consist of 30 nm high square patches of side length W , and for each metasurface layer these are arranged in a square array of period L. Between individual metasurface layers, the sample structure is planarized using a spin-on glass whose thickness, D, is controlled via dilution of the spin-on-glass solution and spin-coating speed. For a structure containing two metasurface layers with structure (side length and array period) given by W 1 , L 1 and W 2 , L 2 , respectively, the alignment between the individual metasurfaces is characterized by S x , and S y , as indicated in Fig. 1 . Since the periods of each metasurface layer are related by a rational multiple N∕M, i.e., NL 1 ML 2 , we define the translational offsets in the plane of the metasurface, S x , and S y , to be the minimum distances in the x-and y-directions, respectively, that one metasurface layer would have to be shifted such that the centers of individual array elements spaced by NL 1 ML 2 are perfectly aligned.
EXPERIMENT
Optical transmittance measurements were performed using collimated light from a halogen lamp spectrally resolved by a monochromator. The monochromatic light was linearly polarized by a Glan-Thompson polarizer before reaching the device. Devices were mounted on a rotating stage, allowing measurements to be performed at different incident angles. Numerical simulations of the optical behavior of these structures were performed using rigorous coupled-wave analysis [17] . The dielectric properties of Ag and glass were modeled using the Lorentz-Drude model with material parameters from the published literature [18] that are known to correspond well to experimental measurements [19] . The refractive index of the spin-on glass (F215 from Filmtronics, Inc.) is assumed to be 1.35 and nondispersive. This value is very close to the refractive index of 1.38 specified by the manufacturer. We attribute the small difference to the low spin-on-glass annealing temperature (250°C) we employed to preserve the structure of the underlying Ag nanostructures, as the lowtemperature annealing process may result in slightly reduced material density and refractive index.
RESULTS AND DISCUSSIONS
Previous work has shown that a single-layer plasmonic metasurface structure can provide low optical transmittance, due to the excitation of plasmonic resonances within individual metasurface elements, over a narrow range of wavelengths that remains fixed over angles of incidence ranging from 0°to approximately 60°off normal [20] . , the minimum in transmittance is shifted to slightly longer wavelengths due to the larger size of the individual Ag structures, and local peaks in transmittance appear at wavelengths near the plasmonic resonance wavelength due to Wood's anomaly and coupling to surface plasmon modes [20] .
Figures 2(e)-2(h) show measured and numerically simulated optical transmittance spectra for an aligned (S x S y 0) multilayer structure consisting of a lower metasurface with W 1 100 nm and L 1 200 nm, an upper metasurface with W 2 170 nm and L 2 300 nm, and a spin-on-glass layer of thickness D 350 nm separating the two metasurface layers. The measured and numerically simulated transmittance spectra are in excellent agreement, and demonstrate that the multilayer structure is able to produce a deep, broad minimum in transmittance-transmittance <1% over wavelengths from 550 to 650 nm-for both TE and TM polarizations and for angles of incidence θ i from 0°to 30°. For angles of incidence from 0°to 20°, the transition to high optical transmittance (30%-50% or greater) occurs over a narrow wavelength range, ∼30-50 nm, at both shorter and longer wavelengths. For incident angles of 30°or greater, a local maximum in transmittance begins to appear at ∼650 nm, and becomes more prominent as θ i increases. Simulated reflectance, transmittance, and absorption spectra as functions of wavelength, polarization, and incident angle indicate that reflectance and absorption within the low transmittance band is >75%, and ∼20%, respectively, in the wavelength range of 600-700 nm.
Detailed numerical simulations provide insight into the origin of these behaviors, and into opportunities to engineer specific optical properties and realize designs that are robust to variations and imperfections that are most likely to arise in practical manufacturing processes. Figure 3 shows numerically simulated transmittance spectra under TE-polarized illumination for a multilayer structure containing two metasurfaces with W 1 100 nm, L 1 200 nm and W 2 170 nm, L 2 300 nm, separated by a spin-on-glass dielectric layer with thickness D ranging from 40 to 600 nm. The layers are vertically aligned with S x S y 0. In Fig. 3(a) , corresponding to normally incident illumination (θ i 0°), we observe that there is a deep minimum in transmittance extending approximately from 550 to 650 nm that is present for all values of D. The wavelength boundaries of this region are modulated due to the presence of local peaks in transmittance, corresponding approximately to the solid curves in the figure, that occur at specific wavelengths for a given value of metasurface layer separation D. These transmittance peaks can be interpreted as arising from Fabry-Perot resonances created by the reflectance and transmittance properties of each metasurface, appropriately modified to account for the wavelength-dependent phase shift produced by each.
For conventional Fabry-Perot resonances, the wavelengths at which peaks in optical transmittance through a dielectric cavity of thickness D would occur are given by
where m is a positive integer corresponding to different cavity modes, n d is the refractive index of the dielectric material, and λ is the wavelength in free space. The Fabry-Perot resonant wavelengths given by Eq. (1) with n d and D taken to be the refractive index and thickness, respectively, of the spin-on glass, are indicated by the dashed lines in Fig. 3(a) , revealing that this expression provides at best a very approximate estimate of the wavelengths at which such resonances occur in the multilayer metasurface structure. Much better agreement is obtained by accounting for the wavelength-dependent phase shift incurred upon interaction of light with the metasurface layers [21, 22] . Specifically, the total wavelengthdependent phase shift produced by the two metasurfaces is given approximately by [22] ϕλ ≈ tan
where γ is a phenomenological damping constant obtained by fitting to transmittance or reflectance spectra, and λ r is the resonance wavelength in the multilayer metasurface structure. Given this phase shift, and following a recently developed approach for analysis of refraction in the presence of phase shifts [13] , the Fabry-Perot resonance condition is modified from that given by Eq. (1) to become
where ϕλ is given by Eq. (2). The solid curves in Fig. 3(a) are the Fabry-Perot resonant wavelengths given by Eq. (3) with n d and D taken to be the refractive index and thickness, respectively, of the spin-on glass, and with γ 3 × 10 5 s −1 and λ r 650 nm determined by fitting to the computed transmittance spectra. We see that agreement between the FabryPerot resonant wavelengths computed using Eq. (3) and the transmittance peaks present in Fig. 3(a) is excellent. Figures 3(b) and 3(c) show numerically simulated transmittance spectra and Fabry-Perot resonant wavelengths computed using Eq. (3) for incident angles of 30°and 60°. Once again, excellent agreement is observed between the resonant wavelengths computed using Eq. (3) and the peaks observed in the numerically simulated transmittance spectra, providing clear evidence of the role of metasurface phase shifts in influencing optical transmittance in these structures.
The existence of transmittance peaks associated with phase-dependent Fabry-Perot resonances in multilayer metasurface structures offers an opportunity to optimize the wavelength sensitivity of transmittance via judicious selection of the thickness D of the spin-on-glass layer. Figure 4(a) shows numerically simulated transmittance spectra for multilayer metasurface structures with W 1 100 nm, L 1 200 nm, W 2 170 nm, L 2 300 nm, D 250-450 nm, and S x S y 0, for light incident with TE polarization. While a broad transmittance minimum is present over the entire range of values of D shown, the positioning of the Fabry-Perot resonance transmission peaks at the edges of this transmittance minimum for D ≈ 300-380 nm allows D to be used a tuning parameter to produce (a) higher-contrast transitions with wavelength between low and high transmittance, and (b) moderate shifts in the center wavelength of the transmittance minimum. These trends are confirmed in experimental measurements. Figures 4(b) and 4(c) show measured transmittance spectra for multilayer metasurface structures with W 1 100 nm, L 1 200 nm, W 2 170 nm, L 2 300 nm, and D 300, 350, and 380 nm. The layers are vertically aligned, with S x S y 0. Measurements for angles of incidence of 0°and 30°, and for both TE and TM polarization, are shown. The positioning of the Fabry-Perot transmittance peak at ∼700 nm for D 350 nm and D 380 nm leads to a substantial increase in contrast between the low-and hightransmittance regions of the measured spectra on either side of the transmittance peak. Furthermore, the shift in position of the Fabry-Perot transmittance peak between D 350 nm and D 380 nm allows the center wavelength of the transmittance minimum to be shifted by ∼50 nm while maintaining a fixed bandwidth of ∼100 nm.
Vertical alignment of nanoscale features is often a key concern in design and fabrication of multilayer or threedimensional nanostructures. For applications requiring fabrication at low cost or over large areas, it would be highly desirable to design structures whose performance characteristics are robust to variations in vertical alignment. For the multilayer metasurface structures considered here, the transmittance and reflectance properties depend primarily on plasmonic resonant phenomena in each individual metallic nanostructure. Interactions between these individual elements in the vertical direction do not play a significant role since the vertical distance between the two layers, D, is much larger than the extent of the electromagnetic near fields associated with these plasmonic resonances. The optical properties of the multilayer metasurface structures presented here are therefore extremely robust to even large variations in vertical alignment, i.e., values of S x and S y that are substantial fractions of W or L for the individual metasurface layers; for sufficiently small values of D, these interactions would become significant and greater sensitivity to vertical misalignment would be expected. Figure 5 shows numerically simulated measured optical transmittance spectra for a multilayer metasurface structure with W 1 100 nm, L 1 200 nm, W 2 170 nm, L 2 300 nm, D 380 nm, and S x S y 100 nm or S x S y 0. We note that this is the maximum translational misalignment, relative to S x S y 0, that can occur for this structure. Despite this misalignment, the measured optical transmittance spectra are nearly identical to those of the corresponding structure with S x S y 0 shown in Figs. 5(a) and 5(b) for the transmittance, and with minor differences in the longer wavelengths due to different Fabry-Perot resonant wavelengths introduced by fabrication imperfections of Ag and spin-on glass.
CONCLUSIONS
In summary, we have designed, experimentally demonstrated, and analyzed both numerically and analytically a series of multilayer plasmonic metasurface structures that provide wide-angle, wavelength-selective, polarization-independent optical transmittance and reflectance with performance that is robust to even severe vertical misalignment between individual plasmonic metasurface arrays constituting the complete multilayer structure. These characteristics are shown to be a consequence of high reflectivity associated with plasmonic resonances in each metasurface layer, phase shifts induced by interaction of light with the metasurfaces, and phase-dependent Fabry-Perot resonances associated with the multilayer stack. The insensitivity of the wavelengthdependent optical reflectance and transmittance to polarization and angle of incidence suggest potential use of these types of structures for a broad range of applications. Robustness to severe vertical misalignment between individual layers in a multilayer structure suggests that these structures can be highly amenable to low-cost, high-throughput fabrication processes.
